DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is well known as a critical component involving the nonhomologous end joining pathway of DNA double-strand breaks repair. Here, we showed another important role of DNA-PKcs in stabilizing spindle formation and preventing mitotic catastrophe in response to DNA damage. Inactivation of DNA-PKcs by small interfering RNA or specific inhibitor NU7026 resulted in an increased outcome of polyploidy after 2-Gy or 4-Gy irradiation. Simultaneously, a high incidence of multinucleated cells and multipolar spindles was detected in DNA-PKcs-deficient cells. Time-lapse video microscopy revealed that depression of DNA-PKcs results in mitotic catastrophe associated with mitotic progression failure in response to DNA damage. Moreover, DNA-PKcs inhibition led to a prolonged G 2 -M arrest and increased the outcome of aberrant spindles and mitotic catastrophe in Ataxia-telangiectasia mutated kinase (ATM)-deficient AT5BIVA cells. We have also revealed the localizations of phosphorylated DNA-PKcs/T2609 at the centrosomes, kinetochores, and midbody during mitosis. We have found that the association of DNA-PKcs and checkpoint kinase 2 (Chk2) is driven by Ku70/80 heterodimer. Inactivation of DNA-PKcs strikingly attenuated the ionizing radiation-induced phosphorylation of Chk2/T68 in both ATMefficient and ATM-deficient cells. Chk2/p-T68 was also shown to localize at the centrosomes and midbody. These results reveal an important role of DNA-PKcs on stabilizing spindle formation and preventing mitotic catastrophe in response to DNA damage and provide another prospect for understanding the mechanism coupling DNA repair and the regulation of mitotic progression. Cancer Res; 70(9); 3657-66. ©2010 AACR.
Introduction
Spindle checkpoint and formation stability are as important as other DNA damage checkpoints and repair mechanisms in maintaining genomic stability and preventing carcinogenesis (1) . Centrosomes, the major microtubule organizing centers in mammalian cells, play a crucial role in directing the formation of the spindle poles during mitosis (2) . In mammalian cells, centrosome duplication begins in S phase, and the two daughter centrosomes form the poles of the mitotic spindle. Immediately after mitotic exit, each daughter cell contains a single centrosome. The regulation of centrosome duplication in mammalian cells is tightly controlled to maintain genomic integrity and accurate chromosome segregation to the daughter cells (3) . Centrosome amplification is tightly associated with the formation of multipolar spindles and frequently occurred in various human cancers (4) (5) (6) , and it is assumed to contribute to transformation or is a consequence of cancer progression. Centrosome amplification may result from defective cell division and multinucleation, leading to amplification of centrosome number during subsequent cell cycles (7) (8) (9) , and can also arise in the cells with direct dysregulation of the centrosome duplication cycle or when G 2 -M checkpoint fails and entrance into mitosis occurs in the presence of DNA damage (10, 11) . Because centrosomes usually nucleate microtubules, supernumerary centrosomes may result in multipolar spindles in cells, which lead to abnormal chromosome segregation, and may generate cells with multiple micronuclei or binucleated giant cells and eventually cause cells undergoing mitotic catastrophe (12, 13) . This lethal phenotype was also shown in mammalian cells to result from premature mitosis, which was presumably related to a premature activation of cyclin-dependent kinase-1 (14, 15) or a failure to complete mitosis (16, 17) . Mitotic catastrophe can be induced by DNA damage agents, e.g., ionizing radiation (IR; refs. 17, 18) , histone acetyltransferase depleting agents (19) , and microtubule disruption agents (20) . So, targeting cancer cells to undergo mitotic catastrophe is also considered to be a new efficacy strategy to overcome the drug or radiation resistances in cancer therapy (20, 21) .
The molecular and genetic mechanisms underlying the development of centrosome amplification or multipolar spindles and mitotic catastrophe in the mammalian cells are not fully defined, and a commonly accepted definition of mitotic catastrophe is still absent currently, although some reports suggest that it shares several biochemical hallmarks of apoptosis, in particular mitochondrial membrane permeabilization and caspase activation (22) . Inactivation of a certain of cell cycle checkpoint related proteins, e.g., BRCA1, checkpoint kinase 2 (Chk2; ref. 23 ), 14-3-3δ (24), BRCA2-interacting protein (25) , and Polo-like kinase 1 (Plk1; ref. 26) , can facilitate the induction of mitotic catastrophe.
DNA-dependent protein kinase catalytic subunit (DNAPKcs) is a member of a subfamily of proteins containing a phosphoinositol 3-kinase domain with the activity of a serine/threonine protein kinase (27) . DNA-PKcs is required for the nonhomologous end joining (NHEJ) pathway of DNA double-strand breaks (28) , V(D)J recombination of immunoglobulin genes and T-cell receptor genes (27) , and telomere length maintenance (29) . More recently, DNA-PKcs has been shown to contribute to the G 2 checkpoint in response to IR (30) . DNA-PKcs has also been shown to phophorylate a number of Ataxia-telangiectasia mutated kinase (ATM) substrates in DNA damage response, e.g., KRAB-associated protein 1 and H2AX (31) . In the present study, using DNA-PKcs small interfering RNA (siRNA) and/or specific inhibitor NU7026 to suppress DNA-PKcs in HeLa cells and ATM-deficient AT5BIVA cells, we identified an important role of DNAPKcs in maintaining the normal spindle formation or centrosome stability in response to DNA damage. Inactivation of DNA-PKcs results in the phenotype of multipolar spindles and mitotic catastrophe upon DNA damage, which is associated with a decreased radiation-induced phosphorylation of Chk2/T68. The localizations of phosphorylated DNA-PKcs and Chk2/T68 in centrosomes and midbody have also been shown. These observations may have significance in the elucidation of the mechanisms of spindle stabilization and mitotic catastrophe in response to DNA damage as well as in the development of new radiation therapeutic approaches.
Materials and Methods
Cell culture and irradiation. HeLa, HeLa-NC, HeLa-H1, and ATM-deficient AT5BIVA cells were maintained in DMEM containing 10% fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin in a humidified incubator at 37°C in 5% CO 2 . HeLa-H1 and HeLa-NC were generated from HeLa cells by stably transfecting with a DNA-PKcs-specific siRNA construct targeting the catalytic motif (nucleotides 11637-11655, H1) and a control siRNA construct (NC), respectively (32) . A cobalt-60 γ-ray source was used to irradiate the cells at a dose rate of 1.74 Gy/min at room temperature. After irradiation, the cells were harvested either immediately or at an indicated time of postirradiation culture and then subjected to further experiments.
Antibodies. All of the antibodies are commercially available: anti-DNA-PKcs total (sc-9051, H163, Santa Cruz), anti-phosphor- siRNAs and transfection. For the knockdown of Ku70 and Ku80 expression, the siRNA molecules used are adopted from previous reports: annealed Ku70 siRNAs sense strand 5′-GGAAGAGAUAGUUUGAUUUdTdT-3′, antisense strand 5′-AAAUCAAACUAUCUCUUCCTG-3′ (33); Ku80 siRNAs sense strand 5′-ACAAAAUCCAGCCAAGUUCdTdT-3′, antisense strand 5′-GAACUUGGCUGGAUUUUGUTG-3′ (34) ; and the silencer negative control siRNA sense strand 5′-UUCUCC-GAACGUGUCACGUTT-3′ (32) . The siRNA molecules were synthesized and purified by Shanghai GenePharma Co.; siRNA transfection was performed using Lipofectamine 2000 reagent according to the procedures reported (32) . The final acting concentration for each siRNA is 50 nmol/L.
Cell cycle analysis by flow cytometry. After γ-ray irradiation, the cells were harvested either immediately or at the indicated time of postirradiation culture and fixed with 75% ethanol. The cells were resuspended in PBS plus 0.1% saponin and 1 μg/mL RNase A (Sigma), incubated for 20 min at 37°C, and stained with 25 μg/mL propidium iodide (Sigma). The cell cycle distribution was evaluated by flow cytometry, counting >10,000 cells per sample.
Confocal immunofluorescence microscopy. Cells were grown on poly-D-lysine-coated culture slides (BD Pharmingen), washed in PBS, fixed in PBS containing 4% or 0.5% paraformaldehyde for 15 minutes, and permeabilized in Triton buffer (0.5% Triton X-100 in PBS). The fixed cells were blocked in blocking solution (2% bovine serum albumin, 0.1% Tween, PBS) for 30 minutes at 37°C in a humidified chamber. Immunostaining was performed using an antiphosphorylated DNA-PKcs (pT2609 or pT2647) antibody (1:100), an anti-phosphorylated CHK2/T68 antibody (1:200), an anti-Plk1 antibody (1:200), an anti-α-tubulin antibody (1:200), or a mouse/rabbit anti-γ-tubulin antibody (1:1,000) for 2 hours at room temperature in a humidified chamber and washed thrice in blocking buffer. The cells were incubated with anti-mouse/rabbit Rhodamine (1:200) and antimouse/rabbit FITC (1:200) secondary antibodies. DNAs were stained with 4′,6-diamidino-2-phenylindole (DAPI) in mounting solution. Confocal immunofluorescence microscopy was performed using an LSM 510 laser-scanning confocal microscope (Zeiss).
Coimmunoprecipitation and immunoblotting assay. For general cell lysis and coimmunoprecipitation products of CHK2 and DNA-PKcs, one experiment used an anti-CHK2 antibody to coimmunoprecipitate DNA-PKcs, and another experiment used an anti-DNA-PKcs antibody to coimmunoprecipitate from HeLa cell extracts. The coimmunoprecipitations were performed using the immunoprecipitation kit (Protein A/G, Roche Molecular Biochemicals) according to the manufacturer's instructions. Briefly, cells were washed twice with ice-cold PBS and collected by centrifugation. The cell pellets were resuspended in prechilled lysis buffer [50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and the requisite amount of the protease inhibitor tablet provided in the kit] and homogenized. The supernatants were collected by centrifugation at 12,000 × g for 10 minutes at 4°C to remove debris and then subjected to immunoprecipitation. After being precleared with protein A/G-agarose, the supernatants were incubated for 3 hours with 2 μg of the anti-DNA-PKcs antibody or anti-CHK2 antibody at 4°C, followed by an overnight incubation with protein A/G-agarose at 4°C. The immunoprecipitates were collected by centrifugation, washed twice with wash buffer 1 [50 mmol/L Tris-HCl (pH 7.5), 500 mmol/L NaCl, 1% Nonidet P40, and 0.05% sodium deoxycholate] and once with wash buffer 2 [10 mmol/L Tris-HCl (pH 7.5), 0.1% Nonidet P40, and 0.05% sodium deoxycholate]. The immunoprecipitates were denatured by heating to 100°C for 3 minutes in gel-loading buffer and centrifuged at 12,000 × g for 20 s to remove the protein A/G-agarose.
For Western blots, the above coimmunoprecipitation products were denatured, resolved by SDS-PAGE, and subjected to Western blot analyses. Otherwise, the cells were harvested and washed twice in ice-cold PBS. Cell pellets were treated with lysis buffer indicated above (one protease inhibitor cocktail tablet in a 50-mL solution), and total protein was isolated. The protein (50 μg) was resolved using SDS-PAGE (8%) and then transferred onto a polyvinylidene difluoride membrane for Western blot analysis.
Fluorescence time-lapse imaging. To analyze the dynamics of mitosis in DNA-PKcs-deficient HeLa-H1 cells after 4-Gy irradiation, the culture dish was incubated in a chamber with 5% CO 2 for the indicated period of time and placed on the stage of an inverted Andor Revolution xD Live cell confocal fluorescence microscope equipped with a Yokogawa CSU-X1 spinning disc confocal scanner, iXON EM CCD camera (512 × 512 pixel), and 488-nm and 561-nm laser lines. To facilitate the in vivo time-lapse analysis, HeLa-H1 cells were cotransfected with H 2 B-GFP and HSPC300-RFP expression plasmids to visualize nuclear and cell morphology, respectively. Twenty-four hours posttransfection, the cells were irradiated with 4 Gy as described above and imaged 24 hours postirradiation. The microscope view fields were recorded at 60× magnification every 2 minutes for 20 hours. The images from the z-stacks were combined in a maximum projection, and the time series of image projections were exported to a time-lapse video with eight frames per second. The videos and still images taken from the videos were processed using Andor IQ confocal software.
Results
Inactivation of DNA-PKcs results in aberrant spindles and multinucleated cells upon DNA damage. We have firstly observed an increased proportion of polyploidy cells and a prolonged G 2 -M arrest in the siRNA-mediated DNA-PKcs knockdown HeLa-H1 cells after 4 Gy γ-ray irradiation in flow cytometric analysis ( Fig. 1B; Supplementary Fig. 1 ). This phenotype of increased induction of polyploidy upon DNA damage has also been shown in DNA-PKcs-deficient M059J cells and HepG 2 -H1 cells, another siRNA-mediated DNA-PKcs knockdown cell line derived from HepG 2 cells (data not shown). Furthermore, the inactivation of DNA-PKcs by its specific inhibitor NU7026 also resulted in an increased proportion of polyploidy cells in response to 4-Gy irradiation ( Fig. 1B ; Supplementary Fig. S1 ). A prolonged G 2 -M arrest and increased induction of polyploidy was further observed in DNA-PKcs knockdown HeLa-H1 cells compared with control HeLa-NC cells at 2 Gy of lower dose irradiation ( Supplementary Fig. S2 ).
We then investigated the stability of spindle construction in response to DNA damage. The centrosomes and spindle structures were detected in DNA-PKcs-deficient HeLa-H1 cells and control HeLa-NC cells after 4-Gy irradiation using confocal immunofluorescence microscopy. By staining with antibodies against α-tubulin and γ-tubulin, the spindles were visualized, and multicentrosomes or aberrant spindle patterns, as exemplified by asymmetrical dipolar, tripolar, or tetrapolar spindles, and centrosome breakage were detected in irradiated HeLa-H1 cells (Fig. 1C) . A significantly increased proportion of multipolar spindle cells was observed in HeLa-H1 cells 24 to 48 hours postirradiation, which took >60% of the mitotic HeLa-H1 cells 48 hours postirradiation (Fig. 1D) . Even without irradiation, an increased proportion of mitotic cells with aberrant spindles was also displayed in DNA-PKcs-deficient HeLa-H1 cells. However, no obvious centrosome amplification during the interphase was observed in DNA-PKcs-deficient cells (data not shown).
Suppression of DNA-PKcs sensitizes HeLa cells to mitotic catastrophe induced by IR. After staining with an antibody against α-tubulin and staining nuclear DNA with Hochest 33258, a vast pattern of aberrant nuclears were observed, including micronuclei, and multinucleated giant cells' multipolar spindles in irradiated HeLa-H1 cells (Fig. 2A) . The proportion of multinucleated cells increased with time postirradiation and reached ∼35% 48 hours postirradiation (Fig. 2B) .
The formation of multinuclear cells and multipolar spindle in cells after DNA damage is the characteristic of cells undergoing mitotic catastrophe (18, 35, 36) . Using time-lapse video microscopy, we aimed to detect the association between DNA-PKcs deficiency and mitotic catastrophe in response to DNA damage. We monitored mitotic progression and mitotic catastrophe in DNA-PKcs-depleted HeLa-H1 cells after 4-Gy irradiation. Together with the observation of confocal immunofluorescence microscopy, we found that the mitotic catastrophe is a major type of cell death in DNA-PKcsdeficient HeLa-H1 postirradiation. A representative cell undergoing mitotic catastrophe is shown in Fig. 2C and Supplementary Fig. S3 (video) ; this cell initiated mitosis and chromosome congression but was unable to segregate sister chromatids to drive the chromosomes toward the spindle poles and eventually undergone mitotic catastrophe.
Phosphorylated DNA-PKcs localizes at centrosomes and midbody. It is obvious that DNA-PKcs deficiency can lead to disruption of spindles and multinucleated cells in response to DNA damage, which eventually results in mitotic cell death. This suggests that the DNA-PKcs could be an important regulator in the overall progression of mitosis and spindle formation, especially after DNA damage. It is necessary to determine the subcellular localization of the DNA-PKcs during mitosis. Plk1 is a well-known regulator of cell division in eukaryotic cells, and the most striking feature of Plk1 is its differential localization to various subcellular structures during mitosis (26) . Plk1 initially associates with centrosomes during prophase, accumulates at the kinetochores in prometaphase and metaphase, is then recruited to the central spindle in anaphase, and finally becomes enriched in the midbody during cytokinesis. Therefore, we used Plk1 as a molecular marker for detecting the subcellular localization of the DNA-PKcs. Using immunofluorescence with an antibody against the nonphosphorylated DNA-PKcs protein, we found that the DNA-PKcs had a diffuse nuclear distribution (data not shown), and we could not detect any specific localization. However, a clear localization of the phosphorylated DNA-PKcs/T2609 or DNA-PKcs/T2647 at the centrosomes was seen when an antibody specific for phosphorylated DNA-PKcs/T2609 or DNA-PKcs/T2647 was used for the immunofluorescence staining of HeLa cells (Fig. 2D, I and II). The phosphorylated DNA-PKcs/T2609 was also detected at the kinetochores in metaphase (Fig. 2D, I ) and accumulation at the midbody while cell is approaching the end of cytokinesis (Fig. 2D, IV) . These localization features of DNA-PKcs/ pT2609 have also been shown in A549 cells (data not shown). Interestingly, the phosphorylated Chk2/pT68 also localizes with Plk1 at the centrosomes (Fig. 2D, III) . During cytokinesis, Chk2/T68 localizes at both centrosomes and midbody (Fig. 2D, V) , whereas DNA-PKcs/pT2609 only localizes at the midbody (Fig. 2D, IV) .
Phosphorylation of Chk2 at T68 upon DNA damage is DNA-PKcs dependent. As a DNA damage response protein, Chk2 has been recently shown to involve in the spindle damage response through phosphorylating BRCA1 at S988 site, which is necessary for the inhibiting microtubule nucleation activation of BRCA1 (37) . To test the hypothesis that DNAPKcs is functionally associated with Chk2 in maintaining the stability of spindle formation upon DNA damage, we have compared the phosphorylation levels of p-Chk2/T68 between DNA-PKcs-suppressed HeLa-H1 cells and the efficient HeLa-NC cells. As shown in Fig. 3A , the T68-phosphorylated form of Chk2 significantly increased after 4-Gy irradiation in the control HeLa-NC. In contrast, a remarkable reduction of IR-induced phosphorylated Chk2 was shown in the DNAPKcs-suppressed HeLa-H1 cells. This result suggests that phosphorylation of Chk2 at T68 in response to DNA damage is contributed by DNA-PKcs. To support these data, we further investigated IR-induced phosphorylation of Chk2 at T68 in HeLa cells in the presence of NU7026, a DNA-PKcsspecific inhibitor. As shown in Fig. 3B , inactivation of DNAPKcs by NU7026 significantly inhibited 4-Gy IR-induced phosphorylation of Chk2 at T68. In addition, we have also observed an increased expression of cyclin B1 protein and Plk1 and decreased expression of cyclin E protein but no change on cyclin-dependent kinase 1 in HeLa-H1 cells compared with HeLa-NC cells after 4-Gy irradiation (Fig. 3C) .
ATM is considered as a major kinase for T68 phosphorylation of Chk2 in response to DNA damage (38) , and DNAPKcs depletion results in the downregulation of ATM (39) . To confirm the dependency of phosphorylation of Chk2/ T68 on DNA-PKcs, we further investigated IR-induced T68 phosphorylation of Chk2 in ATM-deficient AT5BIVA cells. Although ATM is deficient in AT5BIVA cells (Fig. 4A) , the autophosphorylation form of DNA-PKcs/pS2056 is obviously induced after 4-Gy irradiation (Fig. 4B) , indicating that DNA-PKcs is activated upon DNA damage in this cell line. Interestingly, T68 phosphorylation of Chk2 is also significantly induced by 4 Gy in AT5BIVA, and inactivation of DNAPKcs by NU7026 can effectively inhibit IR-induced T68 phosphorylation of CHK2 (Fig. 4C) . These results further Figure 2 . DNA-PKcs deficiency leads to formation of multinucleated cells and mitotic cell death, and the subcellular localizations of phosphorylated DNA-PKcs and CHK2 during mitosis. A, representative images showing multinucleated cells (arrowheads), micronuclei (arrow), and aberrant spindle patterns in irradiated HeLa-H1. The cells were fixed, stained with an antibody against α-tubulin, and analyzed using confocal microscopy. Nuclei were visualized with Hochest 33258 staining. B, quantitative analysis of multinucleated cells from irradiated HeLa-H1 and control HeLa-NC cells. The data are presented as the mean and SD of three independent experiments (*, P < 0.05; #, P < 0.01 compared with HeLa-NC cells at the same time point). C, a representative mitotic cell death observed using time-lapse fluorescence microscopy. The irradiated DNA-PKcs-deficient HeLa-H1 cells entered mitosis and initiated chromosome congression but were unable to segregate sister chromatids and drive the chromosomes toward the spindle poles and then eventually underwent mitotic catastrophe. D, colocalization analyses of phosphorylated DNA-PKcs/T2609/T2647 and phosphorylated Chk2/T68 with Plk1. The cells were fixed, costained with antibodies against pT2609-DNA-PKcs or pT2647-DNA-PKcs or pT68-Chk2 and Plk1, and analyzed using confocal microscopy. Nuclei were visualized with DAPI staining. IV and V, arrow indicates the centrosome, and arrowhead indicates the midbody.
confirmed the dependency of IR-induced phosphorylation of Chk2/T68 on DNA-PKcs.
The association of DNA-PKcs with Chk2 is driven by Ku 70/80 heterodimer. To identify the interaction between DNA-PKcs and Chk2, we have firstly performed the immunoprecipitation assay using an antibody against DNA-PKcs or Chk2 to pull down each other in HeLa cells extracts. The result indicates that DNA-PKcs and Chk2 can coimmunnoprecipitate each other ( Fig. 3D; Supplementary Fig. S4A ). Although DNA-PKcs is suppressed in HeLa-H1 cells, its partner Ku70/Ku80 is efficient (Fig. 1A) . It is well known that Ku70/80 heterodimer, as a regulatory component, associates with DNA-PKcs to form DNA-dependent protein kinase complex whereas Ku70/80 was also shown to interact with Chk2 (40). Therefore, it was then asked whether DNA-PKcs interacts with Chk2 directly or indirectly via mediated by its partner Ku heterodimer. As shown in Fig. 3D , siRNAmediated knockdown of both Ku70 and Ku80 deprives the association of DNA-PKcs with Chk2 in HeLa cells, which suggests that the interaction of DNA-PKcs and Chk2 is mediated by Ku heterodimer. Moreover, the association of DNA-PKcs and Chk2 in the presence of Ku70/80 is augmented by 4-Gy irradiation (Supplementary Fig. S4B ).
Inactivation of DNA-PKcs augments the induction of multipolar spindles and mitotic catastrophe in ATMdeficient cells by IR. After 2-Gy or 4-Gy irradiation, we observed a G 2 -M phase arrest in ATM-deficient AT5BIVA cells, and this arrest is completely released 24 hours post-IR (Fig. 5A and B) . In contrast, an increased accumulation of AT5BIVA cells in G 2 -M phase still remained even at 24 to 48 hours postirradiation when the cells were cotreated with DNA-PKcs-specific inhibitor NU7026 (Fig. 5A and B) , suggesting that inactivation of the DNA-PKcs also leads to a prolonged G 2 -M phase arrest in AT5BIVA cells. Finally, we have found that inactivation of DNA-PKcs by NU7026 augmented the occurrence of multicentrosomes or multipolar spindles and other forms of aberrant spindles, as well as multinucleated cells in AT5BIVA cells after 2-Gy (Fig. 5D ) or 4-Gy (Fig. 5C ) irradiation, which eventually underwent mitotic catastrophe.
Discussion
DNA-PKcs, ATM, and the ATM and Rad3-related kinase (ATR) are three major members of the phosphatidylinositol 3-kinase-related kinase family, which play a proximal role in the cellular responses to DNA damage. ATM and ATR are considered as initiators of DNA damage checkpoint signaling. In response to double-strand breaks, ATM and ATR block cell cycle progression through activating checkpoint signaling, whereas both of them initiate two distinct checkpoint signaling pathways dependent on the type of induced DNA damage. When DNA double-strand breaks are induced by IR in the cells, the activated ATM initiates a cell cycle checkpoint signal through phosphorylating the Chk2 at T68 site (41, 42) . Alternatively, in response to UV-induced DNA damage or double-strand breaks associated with replication forks, ATR plays a dominant role in initiating a checkpoint signaling pathway through phosphorylating Chk1 at S317 (43, 44) . In contrast, DNA-PKcs has been identified as an important enzyme in the NHEJ of DNA double-strand break repair and in triggering double-strand break-induced apoptosis. A recent report showed its function on the G 2 checkpoint in response to IR (30) . In this study, we have shown another important role of DNA-PKcs in maintaining the stability of spindle formation and negatively regulating mitotic catastrophe in response to IR. We showed that inactivation of DNA-PKcs by siRNA or specific inhibitor NU7026 in HeLa cells results in a striking outcome of polyploidy, multinucleated cells and multipolar spindles and accelerates the mitotic catastrophe in response to IR. A number of DNA damage response proteins have been shown associated with the stabilization of centrosome and spindle construction and negative regulation of mitotic cell death in response to DNA damage, including Chk 2 protein, which was shown to be necessary for the centrosome stability and against IRinduced mitotic catastrophe via phosphorylating BRCA1/ T988 (37) . As expected, we have observed an increased phosphorylation of Chk2/T68 induced by 4-Gy IR in HeLa cells. Moreover, a remarkable phosphorylation of Chk2/T68 induced by IR was also detected in the ATM-deficient AT5BIVA cells. Our result further showed that inactivation of DNAPKcs by specific siRNA and/or inhibitor Nu7026 sharply decreased the IR-induced phosphorylation of Chk2/T68 in HeLa cells as well as AT5BIVA cells. These results are consistent with previous reports showing that DNA-PKcs regulates Chk2 phosphorylation in ATM-deficient cells (31) or ATM and DNA-PKcs wild-type cells (40) . Recently, Tomimatsu and colleagues have also observed the phosphorylation of Chk2/T68 induced by 8 Gy of higher-dose IR in AT5BIVA cell line, and this IR-induced phosphorylation of Chk2 was suggested by both ATR and DNA-PKcs (31). Our result showed that 4 Gy of lower dose-induced phosphorylation of Chk2/ T68 can be effectively attenuated by DNA-PKcs-specific inhibitor NU7026, suggesting that phosphorylation of Chk2/ T68 upon stress of a relative low-dose IR may be predominantly dependent on DNA-PKcs. Upon DNA damage, Ku70/ Ku80 heterodimer associates with DNA-PKcs to form the DNA-PK complex, and this complex plays an important role in the pathway of NHEJ pathway of DNA double-strand breaks (27) . Li and Stern reported that Chk2 constitutively interacts with Ku70/Ku80 (40) . In present study, our results show that DNA-PKcs and Chk2 can be coimmunocipitated by either antibody in HeLa cell extracts. However, the association of DNA-PKcs and Chk2 is completely deprived when Ku70/80 heterodimer is knocked down by siRNA molecules. It is obvious that the interaction of DNA-PKcs and Chk2 is driven by Ku heterodimer.
Our observation also shows that Chk2/pT68 colocalizes with Plk1 at the centrosomes and the midbody, which is consistent with previous reports (45) . In addition, we showed that the phosphorylated DNA-PKcs also localizes at the centrosomes and the midbody. During cytokinesis, Chk2/pT68 localizes at both midbody and centrosome in cytoplasm of daughter cells, whereas DNA-PKcs only localizes at the midbody. In addition, the phosphorylated DNA-PKcs colocalizes at the kinetochores with Plk1 in metaphase. These subcellular localization features further support that DNA-PKcs plays an important role in regulation of spindle formation and mitosis.
The formation of multinucleated cells and multipolar spindles in cells after DNA damage is a characteristic of cells undergoing mitotic catastrophe (18, 35, 36) . A hallmark of mitotic catastrophe is the premature entry of cells into mitosis or failure of cytokinesis despite the presence of damaged DNA and which results in the activation of apoptosis or necrosis (18, 22) . Our data show that inactivation of DNA-PKcs increased the induction of multinucleated cells and multipolar aberrant spindles in response to IR. The observation of time-lapse video microscopy further confirmed the mitotic catastrophe due to the failure of mitosis progression. Again, it was reported that inhibition of Chk2 by a dominant-negative Chk2 mutant or a chemical inhibitor, debromohymenialdesine, attenuated the arrest of multinuclear HeLa syncytia at the G 2 -M boundary and rather entered mitotis (premature mitotic entry) and subsequently undergone mitotic catastrophe (23) . Taken together the important role of phosphorylated Chk2/T68 in regulation of centromsome stability and spindle formation (22, 37) , attenuation of Chk2 phosphorylation at least partially attributes to the augmentation of IR-induced aberrant spindles and mitotic catastrophe mediated by inactivating DNA-PKcs. On the other hand, deficiency of DNA-PKcs causes a decreased DNA repair capability and results in more residual DNA damage in the cells, including the mitotic cells, which prompts the mitotic catastrophe.
Together, these data show that DNA-PKcs is necessary for stabilizing centrosomes and spindle formation and preventing mitotic catastrophe in response to DNA damage. Upon DNA damage, Ku70/80 heterodimer drives the association of DNA-PKcs and Chk2, and DNA-PKcs exerts its effect regulating spindle formation and mitosis through, at least partially, phosphorylating Chk2/T68. Furthermore, the localizations of phosphorylated DNA-PKcs at centrosomes, kinetochores, and midbody imply that DNA-PKcs may play a direct role in regulating mitotic progression. As DNA-PK is well known for its function in the NHEJ pathway of DNA doublestrand break repair, its involvement in mitotic responses to DNA damage provides another interesting prospect for understanding the mechanism coupling DNA repair and the regulation of cell cycle progression, as well as strategy in the development of new radiation therapeutic approaches.
